Objectives: Researches showed that stiffness of the extracellular matrix can affect the differentiation of many stem cells. Dental pulp stem cells (DPSCs) are a promising type of adult stem cell. However, we know little about whether and how the behaviour of DPSCs is influenced by stiffness.
| INTRODUCTION
In recent years, tissue engineering has been widely focused and considered an important approach to restore damaged tissues and organs. [1] [2] [3] [4] The emergence of tissue engineering technology enables the successful isolation of dental pulp stem cells (DPSCs) and the use of DPSCs for repair of bone tissues or dentin-pulp tissue and even for the construction of natural teeth. [5] [6] [7] [8] DPSCs are tissuespecific stem cells with a high proliferation rate, self-renewal capability and high accessibility. Studies have demonstrated that DPSCs can differentiate to multiple cell lineages, including osteoblast, 9 chondrocytes, 10 odontoblasts 11, 12 and neuronal cells. 13 DPSCs are thought to be excellent cell sources for regeneration therapy of dental diseases and bone defect based on the characteristics mentioned above.
A substantial amount of literature indicates that the extracellular matrix (ECM) can have an impact on cell behaviour through variable signal pathways. [14] [15] [16] Increasing research on the influence of extracellular matrix mechanical factors on cell behaviour in the past decades
shows that the physical signals of extracellular matrix stiffness can be converted to biochemical signals and to intracellular signals, so as to influence the regulatory role of cells. 17, 18 However, there is limited research on whether and how the behaviour of DPSCs can be affected by the mechanical properties of the extracellular microenvironment.
The osteogenic differentiation of osteoblasts (OBs) has shown to be promoted on stiff substrates. 19 Softening substrates promote the
Materials and methods:
We carried out a study that cultured DPSCs on tunable elasticity polydimethylsiloxane substrates to investigate the influence on morphology, proliferation, osteogenic/odontogenic differentiation and its possible mechanism.
Results: Soft substrates changed the cell morphology and inhibited the proliferation of DPSCs. Expression of markers related to osteogenic/odontogenic differentiation was significantly increased as the substrate stiffness increased, including ALP (alkaline phosphatase), OCN (osteocalcin), OPN (osteopontin), RUNX-2 (runt-related transcription factor-2), BMP-2 (bone morphogenetic protein-2), DSPP (dentin sialophosphoprotein) and DMP-1 (dentin matrix protein-1). Mechanical properties promote the function of DPSCs related to the Wnt signalling pathway.
Conclusions:
Our results showed that mechanical factors can regulate the proliferation and differentiation of DPSCs via the WNT signalling pathway. This provides theoretical basis to optimize dental or bone tissue regeneration through increasing stiffness of extracelluar matrix. 
| MATERIALS AND METHODS

| Dental pulp stem cells culture
Extracted human third molars and premolars were collected to isolate the human DPSCs used in our study, which were donated by the West PDMS was soaked in dopamine solution at room temperature for 24 hours twice in order that self-polymerization of dopamine could be attached to substrate surface to increase the cell adhesion. After that, PDMS substrates were washed, then dried and sterilized via ultraviolet for 1 hour before use.
| Scanning electron microscope
Dental pulp stem cells were seeded on PDMS substrates with stiff- Different concentrations of alcohol (30%, 50%, 75%, 85%, 95% and 100%) were used to make DPSCs gradient dehydration for 15 minutes each on the second day. After being cutting to small pieces, the specimens were covered with a thin layer of gold. Finally, we can observe it by scanning electron microscope (SEM).
| Cell proliferation analysis
To assess cell proliferation, Cell Counting Kit-8 (Sigma, St. Louis, MO, USA) assay was conducted. We seeded cells on the surface of various elastic PDMS substrates in 96-well plates at a density of approximately 2000 per well, culturing in DMEM growth media for 7 days, during which the culture media was changed every 3 days. The assay was carried out on the first, third, fifth and seventh days after seeding, which was performed according to the manufacturer's instructions.
BioTek ELX800 (Bio-Tek, Winooski, VT, USA) was taken to determine absorbance of CCK-8 solutions at 450 nm.
| Odontogenic/osteogenic differentiation of DPSCs
Dental pulp stem cells were induced to differentiate to osteoblasts- 
| Polymerase chain reaction assays
DPSCs were seeded onto 6-well plates covered with 4 different elas- Table 1 . RT-PCR amplification conditions followed the manufacturer's instructions. Mean data of each group were first quantified relative to GAPDH, and then normalized to that of group 10:1. Experiments were performed in triplicate for each sample.
| Immunofluorescence
DPSCs on different stiffness substrates were rinsed slightly with PBS for 3 times. Then, freshly prepared 4% paraformaldehyde was added to Petri dish for cell fixation. DPSCs were permeabilized by 0.5%
Triton-100 for 15 minutes, and washed with PBS. After being blocked with 5% sheep serum for 1 hour at 37°, samples were incubated with primary antibody (Abcam, Cambridge, MA, USA) overnight at 4°C.
After standing at room temperature for about half an hour, samples were washed by PBS. Alexa Fluor 594 donkey anti-rabbit, secondary
antibody at a concentration of 1:500, was added for cell incubation lasting 1 hour at 37°C. Cell nuclei were stained with the DAPI (SigmaAldrich) for 10 minutes. Images were photographed under fluorescent microscopy.
| Western blot analyses
After culturing on different elastic substrates with odontogenic/osteogenic medium, total cellular protein was collected via lysing in lysis buffer, then collecting the supernatant after centrifuging the lysates at 10310 g for 5 minutes. After being boiled for 5 minutes, the concentration of the protein samples was measured by bicinchoninic acid assay. Proteins were segregated via SDS-PAGE, then being moved to polyvinylidene fluoride membrane (Bio-Rad, Munich,Germany) by electrophoresis, and sealed in 5% bovine serum albumin for 45 minutes. Afterwards, membranes were incubated overnight with the individual primary antibody at 4°C. After 3 washes with TBST, membranes were immersed in appropriate secondary antibody at room temperature for 1 hour. The labelled proteins were visualized using the enhanced chemiluminescence reagent (Thermo Scientific, Chelmsford, MA, USA) and exposed to Investigator Proimage (Bio-Rad).
| Statistical analyses
Results are revealed as mean ± SD from experiments conducted at least 3 times independently and analysed by 1-way ANOVA with SPSS 21.0. When the 2-tailed P values were <.05, data were considered statistically.
| RESULTS
| Cell morphology on elastic PDMS substrates
Stiffness of substrates increased with reducing base to curing pro- 
| Rigid substrates promoted proliferation of DPSCs
Given tunable elasticity PDMS substrates were fabricated successfully by the mixture of base and curing agent in different proportions, DPSCs were seeded onto 4 different stiffness substrates. The proliferation of DPSCs was quantified by performing CCK-8 assay.
Results showed that the multiplication rate of cells in group 10:1 was significantly faster than that in group 20:1, 30:1 and 40:1 ( Figure 1B) .
Furthermore, the rigidity of the matrix increases with increasing growth rate of DPSCs. The protein expression of OPN was evaluated 14 and 21 days after osteogenic induction. There was a trend that when the stiffness of PDMS substrates increased, the protein expression also increased ( Figure 4C ). After DPSCs were induced for 3 days, the strongest immunofluorescence of OPN and RUNX-2 in group 10:1 was observed ( Figure 5 ). The strengthened osteogenic differentiation potential of DPSCs on a stiffer matrix can be concluded from the above results.
T A B L E 1 Sequences of forward and reverse primers of selected genes designed for q-PCR
| Substrate stiffness regulates differentiation of DPSCs through canonical WNT signalling pathway
For the sake of determining whether the Wnt pathway played a role in DPSCs differentiation in response to elastic PDMS substrates, Western 
| DISCUSSION
Our study indicated that DPSCs were more likely to exhibit osteoblastic/odontogenic differentiation and proliferation when seeded on stiff substrates. Based on the favourable cytocompatibility and mechanical properties, like cross-linking degree and stiffness of 2D PDMS materials, we found out that as substrates stiffness increased, the expression levels of marker genes and proteins related to odontogenic differentiation of DPSCs were upregulated. The potential mechanism of stiffnessdependent osteogenic/odontogenic differentiation and proliferation was explored, and found to be linked to the canonical Wnt pathway.
Dental pulp stem cells were proved significantly useful in many clinical applications. 23 It is important to study the factors-which many researchers have explored 24 -that affect the biological behaviour of DPSCs. Moreover, there has been an increased focus on the design of scaffolds for dental pulp tissue regeneration or bone tissue engineering. 25, 26 However, the design of an overwhelming majority of these scaffolds was focused on the matrix architecture or composition to enhance odontogenic differentiation. 27, 28 It remains an unclear subject whether and how the stiffness of the substrates influences the odontogenic differentiation of DPSCs. After the landmark article of
Engler et al 21 was published, more and more research on the effects of mechanical properties on stem cells was conducted, all certifying that the matrix elasticity impacts the behaviour of different stem cells. 19, 20 Hence, the aim of our experiment was to identify the influence of tunable stiffness PDMS substrates on the proliferation and differentiation of DPSCs. Cell biological function is closely related to cell morphology. 32 Remarkably, the proliferation and osteogenic/odontogenic differentiation of DPSCs were regulated. Our study indicated that less proliferation was observed on soft substrates (30:1, 40:1). Interestingly, it was contrary to another study reporting the highest cross-linked PF-2.5 hydrogel, namely the stiffest substrate, inhibited cell proliferation. 33 This may be due to the fact that the article did not describe a complete quantitative analysis of cell proliferation, but only a qualitative speculation. As to cell differentiation, a trend of increased marker genes and protein expression was noticed with the stiffness increased.
When DPSCs were used as seed cells in tissue engineering, the variation of scaffold materials 34, 35 may likewise result in different ECM stiffness. In the present study, different types of cells performed their functions optimally in extracellular matrices with different stiffness. 20, 21 Analysis of our experimental data showed it is possible to increase the stiffness of the scaffold material to enhance the osteogenic/odontogenic differentiation of DPSCs, so as to promote the repair of bone defect and the formation of dentin.
The Wnt/β-catenin signalling pathway involved in biological behaviours of many cells. 36 Hunter et al 37 It had been demonstrated to influence the biological functions of stem cells from the apical papilla (SCAP). 40 Jun activation domainbinding protein 1 (JAB1) accelerated the odontogenic differentiation of DPSCs via activating the Wnt/β-catenin pathway. 41 In our study, the expression of β-catenin was significantly upregulated in DPSCs growing on stiffer substrates in the process of differentiation. The expression trend of Gsk-3β was totally opposite to that of β-catenin.
The results of Western blot analysis of the 2 important members of Both the influence of stiffness on the behaviour of DPSCs and its possible mechanism were investigated in our study. However, the study has some limitations. Firstly, how the mechanical signal of ECM transformed into cellular biophysical signal influencing the cell behaviour needs to be carefully figured out. Secondly, 2D format material was performed to imitate the ECM experienced by DPSCs in vivo. There still are distinctions between PDMS substrate and the ECM in vivo. More well-designed materials, including some 3D hydrogels meeting the requirements of high stiffness for cellmatrix study in dental or bone biology should be evaluated. In summary, physical properties like stiffness of extracellular matrix are an important factor, which should be taken into account in tissue engineering.
